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Since the outbreaks of highly pathogenic avian 
inﬂ  uenza (HPAI) subtype H5N1 virus, wild birds have been 
suspected of transmitting this virus to poultry. On January 
23, 2004, the Ministry of Public Health in Thailand informed 
the World Health Organization of an avian inﬂ  uenza  A 
(H5N1) outbreak. To determine the epidemiology of this viral 
infection and its relation to poultry outbreaks in Thailand from 
2004 through 2007, we investigated how wild birds play a 
role in transmission. A total of 24,712 serum samples were 
collected from migratory and resident wild birds. Reverse 
transcription PCR showed a 0.7% HPAI (H5N1) prevalence. 
The highest prevalence was observed during January–
February 2004 and March–June 2004, predominantly in 
central Thailand, which harbors most of the country’s poultry 
ﬂ  ocks. Analysis of the relationship between poultry and wild 
bird outbreaks was done by using a nonhomogeneous birth 
and death statistical model. Transmission efﬁ  ciency among 
poultry ﬂ  ocks was 1.7× higher in regions with infected wild 
birds in the given or preceding month. The joint presence of 
wild birds and poultry is associated with increased spread 
among poultry ﬂ  ocks.
A
vian inﬂ   uenza is a viral disease of poultry and is 
distributed worldwide. The virus is classiﬁ  ed based on 
2 surface proteins, the hemagglutinin (HA) protein (H1–
H16) and the neuraminidase (NA) protein (N1–N9), which 
can be found in numerous combinations (1). All H and N 
subtypes can be found as low pathogenic avian inﬂ  uenza 
virus strains in aquatic wild birds, which are assumed to 
be the main reservoirs outside poultry (2,3). Occasionally, 
low pathogenic avian inﬂ  uenza virus strains are introduced 
into domestic poultry ﬂ  ocks with no clinical signs or only 
mild clinical consequences, but strains carrying the H5 or 
H7 gene can mutate into highly pathogenic avian inﬂ  uenza 
(HPAI) strains that cause high death rates in domestic 
poultry (4) and, occasionally, in migratory birds (5,6). 
Because of the devastating effect of HPAI outbreaks in 
commercial poultry, all outbreaks caused by H5 and H7 
subtypes are notiﬁ  able (7).
Currently, a HPAI virus strain of subtype H5N1 
is circulating in many countries in Eurasia and Africa, 
causing high death rates in poultry, substantial economic 
losses, and human deaths. The strain was ﬁ  rst identiﬁ  ed in 
Southeast Asia in 1996 and has since spread to 63 countries 
in Asia, Europe, Africa, and the Middle East (7). Millions 
of domestic poultry died from the effects of the disease 
or from culling efforts to control the spread of the virus 
(1,2,8,9). The spread of the HPAI (H5N1) virus from 
Southeast Asia to Russia, Europe, and Africa was assumed 
to originate from a virus source at Qinghai Lake, People’s 
Republic of China (6,10). Therefore, migratory birds were 
considered to be responsible for long distance dispersal of 
the virus (11–13).
In Thailand, 7 waves of HPAI (H5N1) virus outbreaks 
have occurred since January 2004. Poultry and wild bird 
populations in 1,417 villages in 60 of the 76 provinces 
were affected, and >62 million birds died or were culled 
to prevent further transmission (14–16). Introduction of 
the virus into poultry ﬂ  ocks is considered to be possible 
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through infected wild birds. Additional insight on the 
basis of quantitative data into the role of wild birds would 
be necessary to further develop control measures and 
surveillance programs.
Relatively little effort has been made to quantify the 
association between infection in wild birds and outbreaks 
in poultry ﬂ  ocks, most likely because of the lack of data on 
infection in wild birds. Recently, a preliminary study was 
carried out that analyzed the prevalence of HPAI (H5N1) 
infection in wild birds in Thailand (14). In that study, 6,263 
pooled surveillance samples from wild birds in Thailand, 
collected from January 2004 through December 2007, 
were tested for evidence of infection. Testing indicated 
that prevalence patterns in wild birds mirrored outbreaks 
among poultry; however, the association was not proven 
or quantiﬁ  ed. We studied extensive data on 24,712 wild 
birds, sampled and analyzed from 2004 through 2007 in 
Thailand, to quantify the possible effect of infection in wild 
birds on the spread of the infection among poultry ﬂ  ocks.
Materials and Methods
Data Collection
Data about subtype H5N1 infections in wild bird 
populations were provided by the National Institute of 
Animal Health of Thailand, Regional Veterinary Research 
and Development Centers, the Veterinary Science faculty 
of Mahidol University, and the Department of Livestock 
Development, Thailand. A total of 24,712 wild bird samples 
were collected from January 2004 through December 
2007. During 2004–2006, sampling was part of a general 
countrywide surveillance program; in 2007, sampling was 
targeted speciﬁ  cally at areas where outbreaks in poultry 
had occurred.
Sampling methods have been described previously 
(14,16,17). Wild birds were either trapped by using 
baited traps, hand nets, or mist nets, or shot. Tracheal/
oropharyngeal swabs and cloacal swabs of live birds and 
bird carcasses were collected from active surveillance 
(sampling of healthy wild birds) and passive surveillance 
(sampling of sick or dead birds). Swab samples were 
collected in viral transport media, stored at 4oC, and 
shipped to the laboratory, where they were stored at −80oC 
until further analysis could be done.
Virus Detection
Methods used for antigen detection have been 
described by Tiensin et al. (16) and Siengsanan et al. (14). 
Supernatants from homogenized tissue and swab samples 
were ﬁ  ltrated and inoculated in 11-day-old embryonated 
chicken eggs or MDCK cell cultures. After incubation 
at 37oC for 3 days, allantoic ﬂ   uid was harvested. The 
inoculated MDCK cell culture was observed daily for 
cytopathic effect, and supernatant ﬂ  uid was harvested by 
day 4, even if no cytopathic effect was observed. Viruses 
were initially identiﬁ   ed in allantoic ﬂ   uids or culture 
supernatants by the HA assay according to World Health 
Organization recommendations (14). Negative samples 
were inoculated 2 additional times in embryonated chicken 
eggs before specimens were conﬁ  rmed as negative.
RNA from positive samples acquired from virus 
culture was extracted by using a viral RNA extraction 
kit (QIAGEN, Valencia, California, USA), according to 
the manufacturer’s instructions. Reverse transcription 
PCR (RT-PCR) was performed by using a 1-step RT-
PCR kit (QIAGEN) to identify the subtype, according to 
the manufacturer’s instructions. Primers for RT of viral 
genome and all HA, NA, and matrix (M) genes for virus 
subtype and inﬂ   uenza A virus identiﬁ   cation have been 
published elsewhere (14,17–19). PCR products were 
processed with 1% agarose gel electrophoresis and were 
puriﬁ   ed by QIAquick PCR puriﬁ   cation kit (OIAGEN). 
Sequencing was performed by using the H5 and N1 speciﬁ  c 
primers, and sequence data were edited following methods 
previously described (14,17,18).
Statistical Analysis
For each identiﬁ  ed bird species, geographic location 
and season were recorded. Bird species were divided into 
3 groups: 1) resident birds (nonmigratory populations), 
present year-round in Thailand; 2) migratory (visitor) 
birds, bird populations moving between Russia or China 
to Thailand during September/October and March/April; 
and 3) breeding visitor birds, which migrate to Thailand for 
breeding in different periods of the year.
To study the relevance between the regions and subtype 
H5N1 outbreaks in wild birds, we divided Thailand into 4 
major geographic regions (northern, northeastern, central, 
and southern) on the basis of the former administrative 
region grouping system used by the Ministry of Interior, 
Thailand. Because of the high number of outbreaks in 
the Central region (14,17,20), it was further divided into 
6 parts: central–northwest, central–north, central–central, 
central–east, central–southeast, and central–southwest. 
On the basis of procedures established by the Thai 
Meteorological Department, the seasons were divided into 
3 periods: summer (March–June), the rainy season (July–
October), and winter (November–February).
Prevalence of HPAI (H5N1) infection and 95% 
conﬁ  dence intervals (CIs) were calculated for each group 
of bird species, sampling region, and season. Three 
variables associated with HPAI (H5N1) prevalence were 
analyzed by binary logistic regression. Overall signiﬁ  cance 
of the model was assessed by the likelihood ratio χ2 test. 
The goodness-of-ﬁ  t was calculated by using the Hosmer-
Lemeshow goodness-of-ﬁ  t test. Statistical signiﬁ  cance of 
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the regression coefﬁ  cients was tested by using the Wald 
likelihood ratio test. Odds ratios (OR) and respective 
95% CI were calculated. For multiple comparisons, the 
Bonferroni multiple comparison correction was applied to 
demonstrate statistical signiﬁ  cance (p<0.001). Statistical 
analysis was performed by using statistical software SPSS 
version 17 (SPSS Inc., Chicago, IL, USA).
Data on outbreaks among poultry were taken from 
Tiensin et al. (16). We used their deﬁ  nition of poultry, 
which encompasses all farmed avian species in Thailand, 
including backyard chickens and ducks. Different species 
or types of production systems were not differentiated 
in the data. Using a nonhomogeneous birth model (21), 
we investigated the association between subtype H5N1 
presence in infected poultry ﬂ   ocks and wild birds. 
Prevalence data from the 9 different regions were modeled 
independently and conditioned on the number of infected 
birds during the ﬁ  rst month of detected infection for each 
region. Time lapse was measured in months from the ﬁ  rst 
month infection was detected. To analyze the association 
between presence of subtype H5N1 in wild birds and 
outbreaks in poultry, we pooled data for the 3 wild bird 
groups (resident birds, migratory visitor birds, and breeding 
visitor birds) to increase power.
In most regions, sampling among wild birds was only 
done systematically after a poultry outbreak in that region, 
except in the central–northwest, central–north, and central–
central regions. We could therefore only use the latter 3 
regions to investigate whether the presence of infected wild 
birds was related to the poultry outbreak.
The nonhomogeneous birth model depends on the so-
called reproductive power, which statistically quantiﬁ  ed (in 
our setting) the ability of infected poultry ﬂ  ocks to spread 
infection to susceptible poultry ﬂ  ocks. For the statistical 
model, we used probability distributions from the Burr 
family. Distribution functions Burr XII and Burr III were 
ﬁ  tted by using a conditional ﬁ  tting procedure (21). For 
every region, we determined whether infected wild birds 
were detected during a particular month. A wild-bird 
infected month was deﬁ  ned as a month in which there was 
detection of infected wild birds or which showed wild-bird 
infection in the preceding month. We investigated whether 
wild-bird infection affected the reproductive power for 
the poultry outbreak in the same region. Reproductive 
power for wild-bird infected months was compared with 
that in non–wild-bird infected months for the central–
northwest, central–north, and central–central regions. For 
comparison, we also calculated the reproductive power for 
poultry outbreaks for the 6 other regions of Thailand by 
using previously described methods (22). Model selection 
was done by using Akaike’s Information Criterion (AIC) 
(www.modelselection.org/aic).
Results
Descriptive Statistics
Infected poultry ﬂ  ocks and wild birds were found in all 
9 regions during the study period. In online Appendix Figure 
1 (www.cdc.gov/EID/content/17/6/1016-appF1.htm), we 
present the numbers of wild birds sampled per month for 
each of the 9 regions and outbreak data of subtype H5N1 in 
poultry ﬂ  ocks. A total of 24,712 wild birds were sampled, 
consisting of 303 species, 64 families, and 20 orders (online 
Appendix Table 1, www.cdc.gov/EID/content/17/6/
1016-appT1.htm). Of these, 192 samples were positive for 
subtype H5N1, resulting in an overall prevalence of 0.78% 
(95% CI 0.67%–0.89%) (online Appendix Table 1). Positive 
samples were found in 35 species of 12 orders (online 
Appendix Table 2, www.cdc.gov/EID/content/17/6/1016-
appT2.htm). Prevalence differed signiﬁ  cantly among the 
group of wild bird species (p<0.001), with a prevalence of 
0.187% (95% CI 0.01%–0.21%) in migratory birds (n = 
2,142), 0.829% (95% CI 0.66%–0.94%) in resident birds (n 
= 16,633), and 0.814% (95% CI 0.61%–0.99%) in breeding 
visitor birds (n = 6,143). The highest prevalence of virus-
positive birds was found in resident and breeding visitor 
birds (p<0.001) (online Appendix Table 3, www.cdc.gov/
EID/content/17/6/1016-appT3.htm).
The aggregated data from online Appendix Figure 
1, presented for Thailand as a whole in Figure 1, show a 
marked increase in the number of infected poultry ﬂ  ocks 
detected from September through December 2004. A 
relatively high number of wild birds positive for subtype 
H5N1 were detected from January 2004 through May 
2004, before the poultry outbreaks in June 2004. Infections 
in wild birds were consistently detected after the poultry 
outbreaks had ended, except during April and May in 2005, 
2006, and 2007.
The spatial distribution and size classes of infected 
poultry ﬂ  ocks, as well as numbers of infected wild birds 
detected, are shown in Figure 2. In 2004 and 2005, infected 
wild birds were reported in the same locations where 
infected poultry ﬂ  ocks were found, especially in the central 
region. No infected poultry ﬂ  ocks were found in 2006 and 
2007 in these areas. Subtype H5N1 prevalence in wild birds 
differed by sampling location. Central Thailand had the 
highest overall prevalence of 0.9% (95% CI 0.77%–1.03%), 
compared with other regions (p<0.001); the Northwest-
Central region in central Thailand had a signiﬁ  cantly higher 
prevalence (p<0.001) (online Appendix Table 3).
The percentages of wild birds positive for subtype 
H5N1 in each season are also shown in online Appendix 
Table 3. Prevalence differed signiﬁ  cantly during January 
and February 2004 (7.92%; 95% CI 5.8–10.4; p<0.001) 
and in the summer of 2004 (11.79%; 95% CI 8.7%–15.8%; 
p<0.001), compared with the other seasons.
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Association between Outbreaks in Poultry 
and Infection in Wild Birds
The Burr XII and Burr III distributions each have 5 
parameters. These distributions were used to model the 
observed poultry outbreak data for each of the 9 regions, 
taking into account wild-bird infection. The AIC, when 
we used the Burr XII model to ﬁ  t the observed data, was 
5,628.6, substantially lower than that for the Burr III 
distribution, which gave an AIC of 5,829.8. We therefore 
chose the Burr XII distribution to model the data (online 
Appendix Figure 2, www.cdc.gov/EID/content/17/6/1016-
appF2.htm, gives the ﬁ  t to the data for all 9 regions). The 
model ﬁ  ts the data rather well.
We also ﬁ  tted the Burr XII distribution to model the 
observed poultry outbreak data in non–wild-bird infected 
months, leading to an AIC of 5,677.7. Because the model 
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Figure 1. Epidemic curve of the 
number of highly pathogenic 
avian inﬂ   uenza (H5N1) virus 
infections in poultry ﬂ  ocks  and 
percentage of infected wild birds 
during January 2004–December 
2007, Thailand.
Figure 2. Distribution of highly pathogenic avian inﬂ  uenza (HPAI) subtype H5N1 infections in poultry ﬂ  ocks (top) and wild birds (bottom), 
Thailand. A) 2004, B) 2005, C) 2006, and D) 2007.RESEARCH
with wild-bird infection has a lower AIC, data clearly show 
that the reproductive power of poultry ﬂ  ocks in wild-bird 
infected months was higher than in non–wild-bird infected 
months. Parameter estimates for the model are shown 
in the Table. The log of the proportionality (ln[c3]) is 
0.523, corresponding to a proportionality factor of ≈1.67, 
indicating that the reproductive power in wild-bird infected 
months is ≈1.7× higher than that in non–wild-bird infected 
months (Figure 3, where we give the reproductive power 
for the associated period). In Figure 3, we have also plotted 
the reproductive power for the 6 regions for which we 
could not do the wild-bird related comparison (regions 1 
and 5–9). The reproductive power as a function of time was 
almost indistinguishable from the curve for the non–wild-
bird infected months in regions 2, 3, and 4.
Discussion
We analyzed one of the largest datasets available of 
wild birds sampled for HPAI (H5N1) infection in Thailand, 
a country where several outbreaks of the disease have 
occurred in poultry ﬂ  ocks. Our aim was to determine the 
prevalence and distribution of HPAI (H5N1) in wild birds 
and to determine whether an association exists between 
outbreaks in poultry ﬂ  ocks and in wild birds within different 
regions in Thailand. We calculated the reproductive power 
in poultry ﬂ  ocks, a measure for the ability of a poultry 
ﬂ  ock to infect other susceptible poultry ﬂ  ocks. Notably, 
reproductive power was 1.7× higher in so-called wild-bird 
infected months, compared with poultry outbreaks in non–
wild-bird infected months, suggesting a strong association 
of spread among poultry ﬂ  ocks and the presence of the 
infection in wild birds.
Poultry  ﬂ  ocks in this study represent several avian 
species, which were considered as a single group with equal 
infectiousness, susceptibility, and other characteristics, 
in the absence of more precise information. Domestic 
ducks, which normally manifest a subtype H5N1 infection 
subclinically, were included in the poultry group. Ducks 
were not sampled according to criteria related to clinical 
signs. Available data do not allow a more differentiated 
analysis.
To quantify the association with outbreaks in poultry, 
we regarded wild birds as 1 group. We can therefore not 
differentiate the quantiﬁ  cation of interaction to the level 
of speciﬁ   c wild-bird groups. In our additional analyses, 
however, most cases of HPAI (H5N1) infection in wild 
birds were found in resident birds, as compared with 
migratory and breeding visitor birds. Therefore, resident 
wild birds may be responsible for the association that we 
quantiﬁ  ed. Our results can possibly be explained by the 
difference in exposure time of the wild birds. We partially 
conﬁ  rmed, but more importantly expanded and added detail 
to, the conclusions reached by Siengsanan et al. (14), on the 
basis of pooled samples for a smaller part of the database. 
Bird species seemed to differ in susceptibility for infection. 
In our study, H5N1 virus infection was detected in many 
resident bird species, but we did not have a sufﬁ  cient number 
of birds to differentiate in the quantitative analysis between 
different species. Species do differ, however, in terms of 
potential contact to poultry, especially birds considered to be 
peridomestic species of the Columbiformes, Cuculiformes, 
and Passeriformes orders, which are commonly associated 
with poultry environments. Transmission of subtype H5N1 
to poultry populations by this group of resident bird species 
is more likely than transmission by other resident birds, 
including those belonging to the Galliformes, Gruiformes, 
Piciformes, Psittaciformes, and Struthioniformes orders. 
The habitats of these birds are not located near poultry areas. 
Previous experimental studies have shown that infected 
individuals of peridomestic species such as sparrow and 
starling can shed subtype H5N1 after infection, but they die 
quickly (23,24). Therefore, these birds are unlikely to be 
long-term reservoirs but may be a higher risk to poultry than 
other resident bird species. Pigeons were found to be less 
susceptible to severe neurologic signs and death from HPAI 
(H5N1) infection (24). Infected pigeons appeared to shed 
low amounts of virus, thereby limiting virus transmission 
to sentinel birds (23–29). Our data showed a relatively high 
prevalence of HPAI (H5N1) in herons and storks (commonly 
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Table. Parameter estimation of the nonhomogeneous birth model 
using the Burr XII distribution for documenting data on HPAI 
(H5N1) outbreak in poultry, Thailand, 2004–2007 
Parameter Estimate SE
In(b1) 0.772  0.0777 
In(a) 1.142  0.0627 
In(c1) 1.574  0.0746 
In(c2) 0.045  0.0627 
In(c3) 0.523  0.073 
*HPAI, highly pathogenic avian influenza. 
Figure 3. Reproductive powers of highly pathogenic avian inﬂ  uenza 
(H5N1)–infected poultry ﬂ  ocks in wild-bird infected months and in 
non–wild-bird infected months within different regions of Thailand, 
2004–2007. Wild Birds and HPAI (H5N1), Thailand
known as scavengers and hunters of juvenile aquatic birds), 
which suggests that these birds are predominantly infected 
by contact with infected poultry ﬂ  ocks.
The prevalence of HPAI (H5N1) infections in resident 
birds was higher in areas with poultry ﬂ  ocks. We could not 
determine whether wild birds became infected because of 
spillover from poultry ﬂ  ocks or whether wild birds were 
the origin of outbreaks in poultry ﬂ  ocks. The association 
we found is not necessarily one of cause and effect. The 2 
populations may have been affected by the same factors that 
increase transmission between ﬂ  ocks, e.g., contaminated 
water, movement between poultry ﬂ  ocks, or even increased 
transmission through fomites.
Even though data results are from the largest sampling 
effort available, the lack of a clear sampling strategy in the 
collection of wild-bird data precludes a deﬁ  nite answer to 
whether poultry ﬂ  ocks were infected with HPAI (H5N1) 
from infected wild birds or vice versa. Siengsanan et al. 
(14) suggested that poultry outbreaks precede detection 
of the infection in wild birds, but we have found no 
evidence either for or against that claim, again because 
of the sampling strategy used. One could argue the fact 
that infected poultry ﬂ  ocks produce massive amounts of 
virus, which supports the view that infection in wild birds 
is mostly seeded from poultry. A study carried out by 
Bavinck et al. (29) suggested that small backyard ﬂ  ocks 
did not contribute to the spread of subtype H7N7 infection 
in the Netherlands during 2003.
Seasonal bird migration, as well as enhanced movement 
and trade of poultry in the winter period caused by major 
social events occurring at the end of the year, may play a role 
in virus spread (30). Our data show increased prevalence 
among wild birds in all winter periods, with the exception 
of 2007 in which neither poultry farm outbreaks nor wild 
bird infections were detected. The actual sources of new 
introductions of HPAI (H5N1) into the commercial poultry 
ﬂ  ocks in Thailand could not be elucidated by our analysis.
From January through October 2004, a relatively small 
number of wild-bird samples was collected, compared with 
the number of samples collected from November 2004 to 
December 2007. Selection bias may have occurred during 
this period. Despite a bias in sampling numbers, HPAI 
(H5N1)–infected wild birds were detected during April–
May 2004 just before the onset of the 2004 outbreak, but 
were not observed in that same period during 2005–2007 
despite larger sampling numbers.
Variation in geographic distribution of HPAI (H5N1) 
infections in wild birds was observed over different 
areas. The central region of Thailand with dense poultry 
populations and large populations of birds living in the 
surrounding wetlands can be considered a hotspot for HPAI 
(H5N1) outbreaks. Our dataset shows high prevalence 
rates of the virus in the central region, corresponding with 
previous studies of HPAI (H5N1) surveillance in wild birds 
(14), in poultry ﬂ  ocks during 2004–2005 (16,17), and in 
cases of HPAI (H5N1) infection among humans during 
2004 (31).
Associating these observations to our statistical model 
is interesting, because the reproductive power of poultry 
ﬂ  ocks in regions 1, 5, 6, 7, 8, and 9 was almost identical 
to that in regions 2, 3, and 4 during non–wild-bird infected 
months (Figure 3); regions 1, 5, 6, 7, 8, and 9 experienced 
no outbreaks in wild birds. It is however impossible to 
conclude from the current data that absolutely no wild 
birds were infected because, in these regions, relatively 
few samples were collected during the appropriate periods 
(online Appendix Figure 1).
By determining the reproductive power in poultry, 
which is the ability of infected poultry ﬂ  ocks to spread 
infection to susceptible poultry ﬂ  ocks, we quantiﬁ  ed the 
association between wild bird infection and outbreaks in 
poultry. We also attempted to take the reproductive power 
in wild birds, during poultry-infected months, as our 
starting point. However, too few infected wild birds were 
available for a reliable analysis. 
Acknowledgments
We thank the following members of Wild Bird Study 
Group, Thailand, who contributed data to our study: Thaweesak 
Songserm, Kridsada Chaichoun, Parntep Rattanakorn, Surapong 
Wongkasemjit, and Tuangthong Patchimasiri.
Dr Keawcharoen is a veterinarian in the Virology Unit, 
Department of Pathology, Faculty of Veterinary Science, 
Chulalongkorn University, Bangkok, Thailand. Her research 
interests include the epidemiology of avian inﬂ  uenza virus in wild 
birds. 
References
  1.   Alexander DJ.  An overview of the epidemiology of avian inﬂ  uenza. 
Vaccine. 2007;25:5637–44. doi:10.1016/j.vaccine.2006.10.051
  2.   Fouchier RAM, Munster V, Wallensten A, Bestebroer TM, Herfst S, 
Smith D, et al. Characterization of a novel inﬂ  uenza A virus hemag-
glutinin subtype (H16) obtained from black-headed gulls. J Virol. 
2005;79:2814–22. doi:10.1128/JVI.79.5.2814-2822.2005
    3.    Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka 
Y. Evolution and ecology of inﬂ  uenza A viruses. Microbiol Rev. 
1992;56:152–79.
  4.   Alexander DJ. A review of avian inﬂ  uenza in different bird species. 
Vet Microbiol. 2000;74:3–13. doi:10.1016/S0378-1135(00)00160-7
  5.   Gauthier-Clerc M, Lebarbenchon C, Thomas F. Recent expansion 
of highly pathogenic avian inﬂ  uenza H5N1: a critical review. IBIS. 
2007;149:202–14. doi:10.1111/j.1474-919X.2007.00699.x
  6.   Olsen B, Munster V, Wallensten A, Waldenstrom J, Osterhaus A, 
Fouchier R. Global patterns of inﬂ  uenza A virus in wild birds. Sci-
ence. 2006;312:384–8. doi:10.1126/science.1122438
  7.   World Organisation for Animal Health. 63 countries report H5N1 
avian inﬂ  uenza in domestic poultry/wildlife 2003–2010. 2010 (2010 
Mar 11). http://www.oie.int/eng/info_ev/en_AI_factoids_2.htm 
  Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 17, No. 6, June 2011  1021RESEARCH
  8.   Claas EC, Osterhaus AD, van Beek R, De Jong JC, Rimmelzwaan 
GF, Senne DA, et al. Human inﬂ  uenza A H5N1 virus related to a 
highly pathogenic avian inﬂ  uenza virus. Lancet. 1998;351:472–7. 
doi:10.1016/S0140-6736(97)11212-0
  9.   Peiris JSM, de Jong MD, Guan Y. Avian inﬂ  uenza virus (H5N1): 
a threat to human health. Clin Microbiol Rev. 2007;20:243–67. 
doi:10.1128/CMR.00037-06
10.   Spackman E. A brief introduction to the avian inﬂ  uenza virus. Meth-
ods Mol Biol. 2008;436:1–6. doi:10.1007/978-1-59745-279-3_1
11.    Boyce WM, Sandrock C, Kreuder-Johnson C, Kelly T, Cardona 
C. Avian inﬂ  uenza viruses in wild birds: a moving target. Comp 
Immunol Microbiol Infect Dis. 2009;32:275–86. doi:10.1016/j.
cimid.2008.01.002
12.   Kilpatrick AM, Chmura AA, Gibbons DW, Fleischer RC, Marra 
PP, Daszak P. Predicting the global spread of H5N1 avian inﬂ  u-
enza. Proc Natl Acad Sci U S A. 2006;103:19368–73. doi:10.1073/
pnas.0609227103
13.   Liu J, Xiao H, Lei F, Zhu Q, Qin K, Zhang XW, et al. Highly patho-
genic H5N1 inﬂ  uenza virus infection in migratory birds. Science. 
2005;309:1206. doi:10.1126/science.1115273
14.   Siengsanan J, Chaichoune K, Phonaknguen R, Sariya L, Prompi-
ram P, Kocharin W, et al. Comparison of outbreaks of H5N1 highly 
pathogenic avian inﬂ  uenza in wild birds and poultry in Thailand. J 
Wildl Dis. 2009;45:740–7.
15.   Songserm T, Jam-on R, Sae-Heng N, Meemak N, Hulse-Post DJ, 
Sturm-Ramirez KM, et al. Domestic ducks and H5N1 inﬂ  uenza epi-
demic, Thailand. Emerg Infect Dis. 2006;12:575–81.
16.   Tiensin T, Ahmed Syed SU, Rojanasthien S, Songserm T, Ratana-
korn P, Chaichoun K, et al. Ecologic risk factor investigation of clus-
ters of avian inﬂ  uenza A (H5N1) virus infection in Thailand. J Infect 
Dis. 2009;199:1735–43. doi:10.1086/599207
17.   Tiensin T, Chaitaweesub P, Songserm T, Chaisingh A, Hoonsuwan 
W, Buranathai C, et al. Highly pathogenic avian inﬂ  uenza H5N1, 
Thailand, 2004. Emerg Infect Dis. 2005;11:1664–72.
18.   Uchida Y, Chaichoune K, Wiriyarat W, Watanabe C, Hayashi T, 
Patchimasiri T, et al. Molecular epidemiological analysis of highly 
pathogenic avian inﬂ  uenza H5N1 subtype isolated from poultry and 
wild bird in Thailand. Virus Res. 2008;138:70–80. doi:10.1016/j.
virusres.2008.08.007
19.   Lee MS, Chang PC, Shien JH, Cheng MC, Shieh HK. Identiﬁ  ca-
tion and subtyping of avian inﬂ  uenza viruses by reverse transcrip-
tion-PCR. J Virol Methods. 2001;97:13–22. doi:10.1016/S0166-
0934(01)00301-9
20.   Gilbert M, Chaitaweesub P, Parakamawongsa T, Premashthira S, 
Tiensin T, Kalpravidh W, et al. Free-grazing ducks and highly patho-
genic avian inﬂ  uenza, Thailand. Emerg Infect Dis. 2006;12:227–34. 
21.   van den Broek J, Heesterbeek H. Nonhomogeneous birth and death 
models for epidemic outbreak data. Biostatistics. 2006;8:453–67. 
doi:10.1093/biostatistics/kxl023
22.    van den Broek J, Nishiura H. Using epidemic prevalence data 
to jointly estimate reproduction and removal. Ann Appl Stat. 
2009;3:1505–20.
23.   Boon AC, Sandbulte MR, Seiler P, Webby RJ, Songserm T, Guan 
Y, et al. Role of terrestrial wild birds in ecology of inﬂ  uenza A virus 
(H5N1). Emerg Infect Dis. 2007;13:1720–4. 
24.  Brown JD, Stallknecht DE, Berghaus RD, Swayne DE. Infectious 
and lethal doses of H5N1 highly pathogenic avian inﬂ  uenza virus for 
house sparrows (Passer domesticus) and rock pigeons (Columbia 
livia). J Vet Diagn Invest. 2009;21:437–45. 
25.   Jia B, Shi J, Li Y, Shinya K, Muramoto Y, Zeng X, et al. Pathoge-
nicity of Chinese H5N1 highly pathogenic avian inﬂ  uenza viruses 
in pigeons. Arch Virol. 2008;153:1821–6. doi:10.1007/s00705-008-
0193-8
26.   Klopﬂ  eisch R, Werner O, Mundt E, Harder T, Teifke JP. Neurotro-
pism of highly pathogenic avian inﬂ  uenza virus A/chicken/Indone-
sia/2003 (H5N1) in experimentally infected pigeons (Columbia livia 
f. domestica). Vet Pathol. 2006;43:463–70. doi:10.1354/vp.43-4-463
27.   Liu Y, Zhou J, Yang H, Yao W, Bu W, Yang B, et al. Susceptibility 
and transmissibility of pigeons to Asian lineage highly pathogenic 
avian inﬂ  uenza virus subtype H5N1. Avian Pathol. 2007;36:461–5. 
doi:10.1080/03079450701639335
28.   Werner O, Starick E, Teifke J, Klopﬂ  eisch R, Prajitno TY, Beer M, 
et al. Minute excretion of highly pathogenic avian inﬂ  uenza virus A/
chicken/Indonesia/2003 (H5N1) from experimentally infected do-
mestic pigeons (Columbia livia) and lack of transmission to sentinel 
chickens. J Gen Virol. 2007;88:3089–93. doi:10.1099/vir.0.83105-0
29.   Bavinck V, Bouma A, van Boven M, Bos ME, Stassen E, Stege-
man JA. The role of backyard poultry ﬂ  ocks in the epidemic of 
highly pathogenic avian inﬂ  uenza virus (H7N7) in the Netherlands 
in 2003. Prev Vet Med. 2009;88:247–54. doi:10.1016/j.prevetmed.
2008.10.007
30.   Leslie DS, Ian HB. Multicontinental epidemic of H5N1 HPAI virus 
(1996–2007). In: Swayne DE, editor. Avian inﬂ  uenza. Ames (IA): 
Blackwell Publishing; 2008. p. 269. 
31.  Centers for Disease Control and Prevention. Areechokchai D, Jira-
phongsa C, Laosiritaworn Y, Hanshaoworakul W, O’Reilly M. In-
vestigation of avian inﬂ  uenza (H5N1) outbreak in humans—Thai-
land, 2004. MMWR. 2006;55(SUP01): 3–6.
Address for correspondence: Hans Heesterbeek, Faculty of Veterinary 
Medicine, Utrecht University, Yalelaan 7, 3584 CL, Utrecht, the 
Netherlands; email: j.a.p.heesterbeek@uu.nl 
1022  Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 17, No. 6, June 2011
The Public Health Image Library (PHIL), Centers for Disease Control and 
Prevention, contains thousands of public health-related images, including high-
resolution (print quality) photographs, illustrations, and videos. 
PHIL collections illustrate current events and articles, supply visual content for 
health promotion brochures, document the effects of disease, and enhance 
instructional media.
PHIL Images, accessible to PC and Macintosh users, are in the public domain and 
available without charge. 
Visit PHIL at http://phil.cdc.gov/phil.
The Public Health Image Library (PHIL)
The opinions expressed by authors contributing to this 
journal do not necessarily reﬂ  ect the opinions of the Centers for 
Disease Control and Prevention or the institutions with which 
the authors are afﬁ  liated.